This paper employs the National Longitudinal Survey of Youth in the US to study the birth process. We develop a simultaneous equations model with seven endogenous variables: four birth inputs (maternal smoking, maternal drinking, first trimester prenatal care, and maternal weight gain), three birth outputs (gestational age, birth length, and birth weight), and twenty-four exogenous variables. The estimation is Bayesian. Separate analyses are performed on five different groups: Main Whites, Supplemental Whites, Blacks, Hispanics, and Native Americans. In all groups, we find sizeable correlation between the disturbances in the four input and three output equations and among output disturbances. For gestation, the effect of maternal weight is positive and substantial, while the effect of maternal age is consistently negative and substantial for Main Whites, Blacks, and Hispanics. The effects of smoking, drinking, prenatal care, and weight gain vary in sign and magnitude across the groups. For birth length, male infants are on average longer. The effect of maternal height is noticeable but small in magnitude, and the effect of maternal weight is noticeable only for Main Whites. The effect of smoking is consistently negative, and substantial for Main and Supplemental Whites. The effects of drinking and prenatal care vary across the groups. Both weight gain and gestation have consistently positive effects. For birth weight, male infants are on average heavier except Hispanics. The effect of maternal height is noticeable for Main Whites and Hispanics. The effect of maternal weight is noticeable and consistent across the groups. The effect of smoking is consistently negative, and substantial for Main and Supplemental Whites. The effects of drinking and prenatal care are small and vary across the groups. Weight gain has a small positive effect except Supplemental Whites. The effect of gestation is positive and fairly comparable across the groups.
Introduction
This paper draws on two disparate literatures on birth weight (BW): economics and biomedical. The primary distinguishing feature between the two is that the economics literature, unlike the biomedical literature, views many aspects of maternal behavior, together with birth weight and related birth outputs, as endogenous to the birth process, i.e., they are determined or explained within the system under analysis. Endogenous variables are not even conceptually controlled by the researcher. In contrast, exogenous variables are determined outside the system. The distinction tells a lot about the researcher's view of the world, and it is one of the first things to be decided. It has major implications for statistical modeling, and more importantly, on the questions being asked.
Birth weight is probably the single most important indicator of infant health (e.g., see Institute of Medicine, 1985) . It is also a significant predictor of infant mortality, morbidity, coronary heart disease, neurodevelopmental handicaps, and learning disabilities (e.g., see Illsley and Mitchell, 1984 and Poirier, 1998) . Birth weight is the result of two processes: (i) the gestational age (G), and (ii) the intrauterine growth rate of the fetus. Gestational age is usually assumed to be approximately two weeks shorter than the period elapsed since last normal menstrual period. In this paper we treat both birth weight and gestation as endogenous in the birth process.
Miller and Merritt (1979) forcefully argue that measurements of crown-heel length, head circumference, mid-arm circumference, and skinfolds or other indices of body fat are also important data that should be recorded together with birth weight and gestation for purpose of predicting future morbidity outcomes. In this paper we work with three birth ________________ *Correspondence to dpoirier@uci.edu. Tel. Economists view birth weight in the context of a process in which the mother acts as a decision-maker striving to achieve goals subject to constraints. Maternal behavior provides a variety of inputs into the production of birth outcomes. Such formalism is not the goal here, but the purposeful behavior of the mother in striving for a healthy infant creates demands for health inputs (e.g., whether to smoke, drink, use drugs, obtain prenatal care, etc.) into a three-output birth production function (BPF). The BPF represents the technical (biological/physiological) relationship between the birth outputs gestation, birth length, and birth weight and the birth inputs smoking (S), drinking alcohol (D), seeking prenatal care in the first trimester (PC), and proper maternal nutrition as measured by weight gain (WG) net of birth weight. The inputs are determined by health input demand functions which describe input choices subject to the constraints the mother faces. The essence of the economists' view is that the mother is attempting to do the best that she can for herself and her child subject to the multiple constraints she faces.
The endogeneity of inputs in the BPF is the important distinguishing statistical feature between the economists' models and those of other social scientists and epidemiologists. It builds on the seminal work of Grossman (1972) who introduces the idea of a health production function relating health outcomes, via physiological or biological processes, to health inputs chosen by the individual. Such inputs are generally desired, not because they directly provide utility, but because they have an instrumental role to play in producing goods (e.g., health) that are valued directly.
Data
The statistical window to be employed in this paper is quite ambitious compared to counterparts in the biomedical literature on birth weight, and so we employ, a very rich data set commonly used by social scientists, the National Longitudinal Survey of Youth (NLSY) in the US for implementation.
The NLSY is an ongoing study of 12,686 young men and women aged 14 to 21 as of January 1, 1979. Over 90% of these respondents have participated in an annual personal interview, approximately one hour in length, since 1979. Individuals are followed after leaving their baseline household. There is relatively little attrition.
The data for this paper are drawn from the NLSY Merged Child-Mother file (NLSCM) for 1994 (CD-ROM). Where necessary, additional variables are constructed using the data from the NLSY main file for 1994 (CD-ROM). The price indices on cigarette, alcohol, medical services and food are obtained from the consumer price index data base of the Bureau of Labor Statistics.
The NLSCM contains data for each child born to a woman in the original NLSY survey, as well as a selection of variables from the NLSY. Blacks, Hispanics, and the poor were over sampled in the NLSY. Of 6,283 women who began the survey in 1979, 4,599 had given birth to 10,042 children by 1994. Our sample of births is obtained by imposing the constraints that the birth order of the child (G0005800) is 1 and the birth year (G0005700) is after and including 1979. We also drop observations if they miss exogenous variables such as income or income exceeds $100,000, AFQT scores, etc. Finally, we drop observations if they miss endogenous variables.
In this paper, we analyze racial/ethnic groups separately. Racial/ethnic groups are defined by the mother's self-reported identification. We examine five racial/ethnic groups: Main Whites, Supplemental Whites, Blacks, Hispanics, and Native Americans.
We choose to analyze only singleton first-born live births, leaving aside sample selection problems arising from parity considerations and abortions. There were 3,648 live singleton first births to White, Black, Hispanic, and Native American women between 1979 and 1994 in the NLSY. We dropped 221 births to women in the military and 28 to women no longer living in the US. Births to women in the military are sufficiently different from births in the civilian population, so we do not want to contaminate our much larger number of civilian births. The births to emigrates were dropped because of their small sample sizes and our expectation that they should not be combined with our other data. This left 3,399 observations for our target sample.
As in most empirical studies, missing observations are a reality. 35.4% of our target sample was dropped due to missing observations on at least one of our twenty-four exogenous variables -household income being the primary culprit. More disturbingly, another 6.9% of the observations have exogenous variable data, but are missing data on one or more of the seven endogenous variables. This leaves a total of 1,962 observations with complete data (57.7% of our target sample). Missing data is more of a problem for the Black, Hispanic, and Native American samples than for the White samples. Also, the Supplemental White sample has a slightly more severe missing data problem than the Main White sample. For more details, see Li and Poirier (2000, Table 1 ).
Our choice of the twenty-four exogenous (conditioning) variables is guided by the existing literature. Variables x 1 is the intercept term. Variables x 2 -x 6 cover basic physical characteristics (the gender of the infant, the age and size of the mother) which we expect to be very important in the birth output equations. Variables x 7 -x 12 capture regional and temporal effects plus the intelligence and family income of the mother. Variables x 13 -x 25 capture health insurance status and a variety of socioeconomic measures of the mother's family background. Variables x 7 -x 25 are risk factors that causally are quite far removed from the biological event of low birth weight. We expect these variables to be important in the input equations, but not in the biologically based output equations.
One variable notably missing is the marital status of the mother or whether she is living with the father. Clearly such measures are endogenous, and furthermore, reflect an endogenous decision by the father as well. Just as we are not modeling fertility, we are not trying to model the marriage/cohabit decision. Implicitly we are conditioning on the decisions to get pregnant and not to have an abortion. We do not feel a latent distribution, say, of potential birth weight for infants not conceived, or conceived but aborted, is of great interest. We are no more willing to condition on the marriage/cohabit decision than to condition on the decision to smoke. So we have marginalized out the marriage/cohabit decision from our model. Note, however, the presence of the father can be reflected in variables such as the household income (x 12 ) and the number of adults in household (x 15 ). Also note that there are many missing observations for whether the father is present in the household.
Modeling
Following the strategy outlined in Poirier (1995, Chapter 10), we choose a highly over-identified specification for our maintained hypothesis H * , and a less restricted specification H A as an alternative hypothesis that we expect will not lead to rejecting H * . Our prior reflects this viewpoint. In Section 4.1 we test these over-identifying restrictions.
Our model specification is the same as in Li and Poirier (1999, 2001) . Our distribution of interest, for singleton firstborn live births, is the joint distribution of four birth inputs (smoking, drinking, prenatal care, and weight gain) and three birth outputs (gestation, birth length, and birth weight), given the exogenous variables x. We choose a fairly large 155-dimensional parametric window to model this seven-dimensional conditional distribution of endogenous variables z. 
where
where and
BW) are set to zero under our maintained specification. Finally, Σ = [Σ ij ] (i,j = 1, 2) is partitioned into the four birth inputs and the three birth outputs.
The specification in equations (1) - (5) warrants a few comments. It reflects a view of the world in which reduced form (equation (1)) is postulated for the four inputs (smoking, drinking, prenatal care, and weight gain), and then a triangular view (equations (2) and (4)) of the three outputs (gestation, birth length, and birth weight) is postulated in which gestation is determined based on the four inputs, and then birth length and birth weight are jointly determined as functions of the four inputs and gestation. The three output equations are identified by zero restrictions on maternal weight (x 6 ) in the birth length equation, and on maternal height (x 5 ) in the birth weight equation. The model is not recursive because Σ is permitted to be non-diagonal. The model is nonlinear because of the jointly determined dummy endogenous variables (smoking, drinking, and prenatal care). The specification of numerous zero restrictions on ∆ 2 in equation (5) ensures that the order condition for identification is satisfied.
Our prior is proper, but moderately diffuse. We use the same prior for all racial/ethnic groups. The estimation of our model in equations (1)- (5) extends the work by Chib and Greenberg (1998) and Li (1998) , and is described in Li and Poirier (2000, Appendices A.3-A.4 ). To give a quick, visual indication of the posterior mass around the means, we indicate the relative size of the posterior mean to the posterior standard deviation by the border of the table cell as described in Table 1 .
Empirical Results

Evidence of Structure
We investigate whether our output equations reflect a biological structure in three related ways. First, the logarithmic Bayes factor in favor of our maintained specification H * : ∆ *,G = ∆ *,BL = ∆ *,BW = 0 6 versus the alternative H A : ∆ *,G " 0 6 or ∆ *,BL " 0 6 or ∆ *,BW " 0 6 is overwhelming for all groups (Li and Poirier, 2000, Table 10 ). Second, the predictive densities for all endogenous variables differ little across H * and H A (Li and Poirier, 2000, Table 11 ). Third, under H A the six additional variables x 7 -x 12 add relatively little to the three output equations (Li and Poirier, 2000, Table 12 ). Because of these results, subsequent results are conditioned upon H * .
System Results
Our treatment of simultaneity, in contrast to most of the biomedical literature, is a distinguishing feature of our model. While our window imposes triangularity, it does not impose a full recursive specification. Our prior for Σ is centered over a diagonal matrix (supporting the use of single-equation methods), the need for simultaneous equations techniques is apparent in our posterior results (Li and Poirier, 2000, Table 13 ). Although the correlations between input disturbances and the birth weight disturbance are fairly small for most groups, this should not be interpreted as justifying simply running a regression for the birth weight equation. The correlation between the disturbances in the gestation and birth weight equations is sizeable. Indeed, as Li and Poirier (2000, Section 4.6) note, the ordinary least squares results for the birth weight equation of Main Whites are substantially different from our posterior results.
Input Equations
Our interest in the parameters of the input equations is minimal compared to the output equations, and so we devote less attention to them. Tables 2a-2d contain the posterior (group specific) and prior means and standard deviations for the elements of ∆ 1 under our default prior. Some results are not very surprising. For example, the posterior mass for the coefficient of the AFQT score variable in the smoking equation is negative and large relative to its standard deviation for all groups, except Hispanics. On the other hand, the coefficient of the AFQT score variable in the drinking equation is positive and large relative to its standard deviation for both the Main White and Supplemental White groups. Note that in both cases the priors for the coefficients are located away from zero, but in the latter case, the prior posterior locations differ in sign. Clearly our priors are not dominating the data.
The price indices do not appear to serve very well as instruments in any of the input equations for any of the groups. But most other variables among x 7 -x 25 have substantial posterior mass away from zero in some equations for every group suggesting they satisfy at least one requirement of a legitimate instrumental variable for the output equations.
Output Equations
The output equations are of prime importance. They describe how birth inputs together with the biological size of the mother are transformed into birth outputs describing the physical characteristics of the infant. We discuss each of the three equations in turn, presenting posterior results under the default prior. When discussing maternal height and weight we take into account both their effects through body mass index [BMI = weight in kg/(height in m) 2 ] and their linear effects. The posterior means and standard deviations of the partial derivatives of the exogenous variable effects of maternal height and weight are reported for each output equation.
The posterior results for the gestation equation are reported in Table 3 . The pictures regarding the effects of exogenous variables differ somewhat across groups. Although BMI, maternal height, and maternal weight do not appear to matter much individually for Main Whites, Blacks, and Hispanics, the net marginal effect of maternal weight is substantial and similar across these groups. In contrast, the same three variables appear to have separate effects for Supplemental Whites
and Native Americans, which yield no net effects for Supplemental Whites, and a negative net effect of maternal height for Native Americans. The posterior effect of being male is only noticeable for Main Whites. The posterior effect of maternal age is consistently negative and noticeably shifted away from the origin for Main Whites, Blacks, and Hispanics.
The posterior mean effects of the three endogenous binary inputs vary in sign and magnitude across the groups. Of the fifteen (3×5) cases, a posterior mean is more than twice its standard deviation only twice. There is more consistency in the effects of weight gain on gestation across the groups, and in most cases the effects of weight gain are small.
The posterior results for the birth length equation are reported in Table 4 . Similar pictures emerge regarding the effects of exogenous variables across the groups, except for the large standard deviations in the small sample of Native Americans. Clearly, male infants are on average longer. The net marginal effect of maternal height on birth length is noticeable but small in magnitude. The net marginal effect of maternal weight is noticeable only for Main Whites.
The posterior mean effects of the three endogenous binary inputs are more similar across the groups in the birth length equation than they are in the gestation equation. The posterior mean effect of smoking on birth length is consistently negative across the groups, and larger than its standard deviation for Main and Supplemental Whites. The posterior mean effects of drinking and prenatal care on birth length vary across the groups. Both weight gain and gestation have positive mean effects on birth length, which are quite consistent across the groups.
The posterior results for the birth weight equation are reported in Table 5 . Similar pictures emerge regarding the effects of exogenous variables across the groups, except for the large standard deviations in the small sample of Native Americans. Clearly, male infants are on average heavier, except in the case of Hispanics. The net marginal effect of maternal height on birth weight is noticeable for Main Whites and Hispanics. The net marginal effect of maternal weight on birth weight is noticeable, and consistent across the groups.
Like in the birth length equation, the posterior mean effects of the three endogenous binary inputs are more similar across the groups in the birth weight equation than they are in the gestation equation. The posterior mean effect of smoking on birth weight is consistently negative across the groups, and larger than its standard deviation for Main and Supplemental Whites. The posterior mean effects of drinking and prenatal care on birth weight vary across the groups, and are generally small. Weight gain has a small positive mean effect on birth weight for all groups except Supplemental Whites in which case it is negative and larger in absolute value than its posterior standard deviation. The posterior mean effect of gestation on birth weight is positive and fairly comparable across the groups.
Prediction
Given out-of-sample values of the exogenous variables x, the predictive density for the out-of-sample of z 
with and We will concentratẽ x
on the predictive distribution for birth outputs, obtained from equation (6) by integrating out inputs:
The univariate predictive densities for gestation, birth length, and birth weight are shown in Figures 1-3 , respectively. These figures depict the univariate predictive output densities for each group and the very diffuse prior predictive density embodying only the informative prior and no data.
Discussion
It is well acknowledged that birth weight is probably the single most important indicator of infant health. In this paper, we focus on explaining the birth outcomes such as gestation, birth length and birth weight using a simultaneous equations approach. On the other hand, the more interesting and ultimately relevant question to ask, from a society viewpoint, is what factors affect children's attainment later in life. Our modeling framework turns out to be quite useful in answering questions like this. We conjecture that birth weight and related birth measurements are the intervening variables in explaining children's development later in life, and we plan to investigate further in future work. .0000 (3.000)
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